E3S Web of Conferences 264, 04066 (2021) https://doi.org/10.1051/e3sconf/202126404066
CONMECHYDRO - 2021

Mathematical modelling of vertical and
longitudinal-angular vibrations in the
composition of the rigidity and damping of the
hierarchical parts of the tractor taking into
account road impact

Farkhod Matmurodov, and Dilafiuz Ermatova”

Tashkent Institute of Irrigation and Agricultural Mechanization Engineers, Tashkent, Uzbekistan

Abstract. The article contains generalized systems of equations describing
the vertical and longitudinal-angular vibrations of the main parts of the
tractor with the mathematical model of the hierarchical vertical linear
oscillation of the tractor, the irregularities of the roads, taking into account
the rigidity and damping. It includes systems: equations describing the
vertical vibrations of the skeleton over the propellers of a tractor on an
uneven road; equations describing the vertical vibrations of the cab of the
rear of the tractor, taking into account the walking of the tractor on uneven
roads. Equation systems have also been compiled that describe the vertical
oscillations of the uppermost hierarchical link - the seat of the tractor
operator, taking into account the walking of the tractor on an uneven road.
The use of this original mathematical model will make it possible to find
random unwanted oscillations of the new designed machine design. It will
help to optimize their geometric and dynamic parameters.

1 Introduction

The calculation method of the lower rubber damper of the cab allows you to determine the
geometric dimensions of the mechanical sub-cab damper.

Using the definition of the vibration of a linear system with one degree of freedom of
the under-cab shock absorber of a tractor, we can find the coefficient of efficiency of
vibration isolation, which notifies the presence or absence of vibration of the operator's cab.

By numerically solving these equations, we can find the angular and vertical
displacement and angular velocity of the cab and the main parts of the tractor. This means
that it will be found how much the deflation of the main parts is displaced during vibration.

The article [1] describes theoretical methods for damping low-frequency vibrations on
the driver's seat of a wheeled tractor based on the development of mathematical models
with various elastic dissipative characteristics of the suspension.
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Methods of incorporating damping relaxation elements into the suspension for shifting
resonant vibrations to the frequency range greater than 1 ... 8 Hz, as well as methods
allowing the practical implementation of the inclusion of

Creating an effective vibration protection system for a wheeled tractor driver is an
urgent task [2] aimed at improving the driver's work and ensuring safety.

Seat acceleration and noise levels in the driver's cab of a wheeled vehicle are strictly
regulated by international standards. Therefore, global manufacturers of wheeled vehicles
are constantly improving vibration protection systems and introducing new absorbing
materials in the design of driver's cabins. Thus, studies [2] have determined the frequency
ranges of natural vibrations of various human organs and established the distribution of
vibration frequencies over the structural elements of a wheeled tractor.

F. Deine and M. Michke pay special attention to low-frequency vibrations (1 ... 8 Hz),
which have the most harmful effect on the driver and cause him occupational diseases.

Studies have established that the natural frequency of human vibrations on the seat of
modern wheeled tractors is 1 3 Hz, and the permissible values of the root-mean-square
accelerations and amplitudes of vertical movements of the seat should not exceed 8.5 m / s2
and 0.02 m, respectively, which is stipulated by GOST 12.1. 012-90 and Council Directive
No. 78/764.

2 Research Methods

The equations describing vertical and longitudinal-angular oscillations are written
according to the Lagrange equation of the second kind.

In the mathematical modelling of the hierarchical vertical linear oscillation of the
tractor, taking into account the unevenness of the roads, the stiffness and damping
coefficient is considered.

3 Results and discussion

The power load and the speed of the tractors are constantly increasing, which leads to an
increase in the dynamic load of the main parts and an increase in the level of oscillations
generated by them. Vibration loads have a negative effect on the components and parts of
the tractor, on the environment, and on the cab with the operator.

The main parts of the tractor are described by the flat, created at the first stage, and at
the subsequent stage, the spatial model of the suspension systems [1].
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Fig. 1. Dynamic equivalent design of the main parts of the tractor

a) equations describing vertical oscillations

myZ; — [26‘1(215 - hcos(wlt)) + 2k1(z'15 — d(hcos(wlt))/dt)] +
[2¢2(216 — Zk2) + 2k (216 — Zk2)]—

[2¢5(221 — z11) + 2k3(Z21 — 211)] — [2€4(222 — 213) + 2k (27 — 215)] +
[2¢5(z31 — z13) + 2ks5 (231 — Z13)] — [2¢6(232 — 214) + 2k (232 — 214)] = M4 g,
myZy + [2¢3(21 — 211) + 2k3(Z21 — 211)] + [2¢4(222 — 212) + 2k4(Z52 — 215)] = myg,
mgZz + [2¢5(231 — 213) + 2ks(Z31 — 213)] + [2¢6(232 — 214) + 2k (232 — 214)] —
[2¢7(241 — 732) + 2k7 (241 — Z32)] = M3 g,

MyZy + [2¢7(241 — 732) + 2k7 (241 — Z32)] = Mug,

mqz; — [2¢1(z15 = Zp1) + 2k1 (215 — Zk)] + [2¢2(216 — Zk2) + 2k (216 — Z2)]—
[2¢5(221 — z11) + 2k3(Z21 — 211)] = [2€4(222 — 712) + 2k4 (225 — 212)] +
[2¢5(231 — z13) + 2ks(Z31 — 213)] — [2¢6(232 — Z14) + 2k (232 — Z14)] = My g,
myZy + [2¢3(21 — 211) + 2k3(Z31 — 211)] + [2¢4(222 — 212) + 2k4 (252 — 215)] = myg,
msZz + [2¢5(231 — 213) + 2ks(Z31 — 213)] + [2¢6(232 — 214) + 2k (232 — 214)] —
[2¢7(241 — 732) + 2k7 (241 — Z32)] = Mm3g,
MyZy + [207(241 — 232) + 2k7 (241 — 23)] = Mg,
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b) equations describing longitudinal-angular oscillations

J1¢1 + [2¢1(215 — zp1) + 2k1 (215 — Zp1)]a — [2¢3(216 — Zi2) + 2k (216 — Zi2)1D—
[2¢3(2z31 — 211) + 2k3 (221 — Z11)]c — [2¢4(222 — 212) + 2k4 (222 — 212)]d +
[2¢5(231 — z13) + 2ks (231 — Z13)]e — [2¢6(23; — 214) + 2ke(232 — 214)]f = O,

https://doi.org/10.1051/e3sconf/202126404066

J2$2 + [2¢3(221 — 211) + 2k3(Z21 — 210)]1(c — 1) + [2¢4(222 — 212) + 2k4 (235 — 215)](n—d) = 0,9,

| J3$3 + [2¢5(231 — 213) + 2ks(Z31 — 213)1(h — e) + [2¢6(232 — 214) + 2ke(Z32 — 212)]1(f — h)

= 0'
\ Ja®a + [2¢7(241 — 233) + 2k7 (241 — 233)1(f — f1) = O,
dzy3 = dz; + doqe,
g =7 —iC (221=Zz+<02(0—n)r dzy, = dz; + do,f,
le = Zl — qald, Zyy = 73 — @a(n—d), dzy5 = dz; + dg,a,
zﬁ = zi + zie’ 231 = z3 + p3(h —e), dzy6 = dzy — dg;b,
Z14 =71 + @1 f, 233 = 23— @3(f — h), {dZ21 = dz; +dga(c—n),

Zis = 21 — P10, Z33 =23 + p3(h— k), |dz22 = dz; —dp,(n—d),
Z17 = 21 — @1 b, dzyy = dz; — dosc, dzzy = dzz + dgs(h —e),

dz,, = dz; — dep,d, dzs, = dzg — des(f — h),
dzs3 = dzg + dps(h — k).

Here mi is the i-th sprung mass; Ji-moment of inertia of the i-th sprung mass; sprung
mass, z;, z ;, z ; are respectively vertical displacement, speed, acceleration, i-th sprung mass;
dz; are corresponding speeds of vertical displacements; ¢; ¢ ;@ yare angular displacement,
speed, acceleration, i-th sprung mass; ¢; i-th bond stiffness; k; i-th damping factor; a, b, ¢, d,
e, f, h, k, n are geometric parameters of elements; g is the acceleration of gravity.

Based on a flat model, when using an algorithmic program, it is possible to obtain the
oscillatory systems of the frame, cab, and seat and graphs of displacements, speeds, and
accelerations of these tractor parts.

Mathematical modeling of the hierarchical vertical linear oscillation of the tractor,
taking into account the unevenness of the roads, considering the coefficient of stiffness and
damping.

Oscillations in machines are often undesirable, as they reduce the reliability of
machines, cause noise and have a harmful effect on the human body. The dynamic
equivalent total design of the main parts of the tractor is shown in Fig.

At the same time, for the convenience of analytical calculation and creation of the
possibility of implementing ideas, we take the following assumptions:

— takes only the stiffness coefficient in the calculation;

- the damping factor is neglected; if we take into account the mathematical model, it
becomes too complicated,;

- various forced and natural vibrations are considered absent, etc.
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Fig. 2. Dynamic equivalent total calculated main parts of the tractor

a) equations describing the vertical vibrations of the frame over the tractor propellers on an
uneven road. Let us consider the effect of oscillation on a mechanical system using a model
depicting the movement of a mass of 1/3 m and 2/3 m; we assume that a third of the mass
falls on the front of the tractor and two of a third of the mass that is elastically suspended on
the wheel falls on the rear of the tractor, which rolls along a rigid path with cosine-shaped
irregularities (Figure 3). It is obvious that the system will perform forced oscillations.
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Fig. 3. Carcass over tractor propellers on uneven road

In this system, the forces of inertia of mass m, i.e., mz’, are balanced by the forces
arising from the deformation of the tire (z-zk), i.e. force c(z-zk).
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Consequently,
Define the linear vibration of the machine

1 2 4
§mx = Z (Pki - Pfl')COSB + Z (Pki - Pfi)COS(ﬁ + a’) +
i=1 i=3

2 4 .
Z-=1(Pb" — Pyy;)sinf + Z-=3(Pbi — Pypi)sin(B + @) — 2¢,(x — Bh) — 2k, (% — ph)
- 01(215 - hcos(ault))+k1 <z'15 - W) + (Pricos(B — @)
mMjM + misjis

~ Peicos(f — )+~

In the drawing of the spatial model, add the bump height of the roads

1, . .
I 215 + c15(215 — Zx) this(Zis — Zx) = 0

2, . .
3, 216 + ¢16(216 = Zr2) thi6(Z16 — Z12) = 0

Ifa z3, = hcos(w,t), zx; = hcos(w,t) 10

;mils + C15(Z15 - hCOS((Dlt))_kls(zls - d(hcos(wlt))/dt) =0

1
gﬁizm + ClG(Zl6 - hCOS((J)zt)) - k16(2.16 - d(hcos(wzt))/dt) =0 ( )

Dividing all terms of this equation by m, we get

{2'15 +vi5(2z15 — heos(wt)) = 0%(215 + wihsin(wyt)) = 0 ®
#16 + Vi(216 — heos(w,t)) = 0%(216 + w,hsin(w,t)) = 0

Where V125 = ¢;5/(1/3m), V126 = ¢16/(1/3m), 9125 = ky5/(2/3m), 9126 = ki6/(2/3m)

is system circular frequency.
The general solution of these equations with the right-hand side (inhomogeneous) can

be represented as the sum of the solution of the homogeneous equations z;s;, z;¢;, and the
particular solution of the inhomogeneous equations z;sj, Zig, T.€. Z15 = Zi51 + Zis2, Z1g =

Zie1 T Zi62.
Let us first find a particular solution to the equation. Imagine that

{2152 = Ays2c08(wqs5,t) 3)
Z162 = A162008(W162t)’

and substitute it into equation (2). As a result, we get

{2'15 +v¥5(2z15 — heos(w,t)) = 0%5(215 + wihsin(wqt)) = 0 @
#16 + Vi(216 — heos(w,t)) = 0% (216 + w,hsin(w,t)) = 0
(_AISZ(‘)%SZSin((‘-HSZt) + {5 415,05 (wy52t) — Vishcos(wysyt) =
— 075015241525 (W152t) + OFsw52hsin(wys,t)
{ —A1620%6,51M(W1621) + VigA162005(W1428) — Vighcos(wigat ) =
—07sw16241625N(W162t) + OFcw162h5iN(W1621).
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From where

Agsy = (9125w152h — vishetg(wys, t)) /(wisy — visctg(wysyt) + 0750152)

At = (9126w162h - erthg(wwzt))/(w%sz — visctg(wieat) + O7w162)

Z152 = [(‘9125‘0152h - stthg(wmzt)) /(@%s; — visctg(wss,t) + 9125(0152)] cos(wysyt)

Z162 = [(0126w162h - VIZGthg(w162t))/(w%62 — visctg(wyeat) + 0126(‘)162)] cos(wy62t)
As is known, the solution to a homogeneous equation can be represented as:

1
Z151 = _§A151[C05(V151f) + cos(0;51t)]

2 >
Zi61 = —3A161 [cos(vi61t) + cos(B1611)]
Then the general solution of equation (2) is represented as

Z15 = [(91250)152h - V%Sthg(w152t)) /(@s; — visctg(w;s,t) + 91250)152)] cos(wysyt) —

_§A151[C05(V151t) + cos(0;51t)] @)

Z16 = [(9126w162h - Vlzethg(wmzt))/(w%az — vZsctg(wgat) + 9126(0162)] cos(wygat) —

2
—34161 [cos(vi61t) — cos(B161t)]

The origin of time (¢# = 0) in this system can be taken for such a moment when z = 0. In this
case, substituting # = 0 and z = 0 into (4), we obtain

1 )
§A151 = [6f5w1s52h/ (6157 + 075015, + 1]

2
§A161 = [9126w162h/(w%62 + 9126w162 + 1]

Substituting A; into (4), we obtain
{2151 = —[0fsw152h/(wisy + 07sw1s, + D][cos(vysit) + cos(By51t)] )
Zi61 = —[0fswi62h/ (Wigy + 05142 + 1)][cOs(Vi61t) + cO5(61610)]

The value wis,/(wisy + 075015z + 1) = X5, w162/ (WF6p + Ofgw1g2 + 1) = X6 is
called the coefficient of growth of oscillations. Taking this notation, equation (5) will be
written

{215 = —x15675h[cos(vy5:t) + cos(B51t)] )
Z16 = —X16076h[c0s(V161t) + c05(61611)]

This will be the general solution to our equation under the initial conditions adopted
above.

As o approaches v, the period T, T increases. When the quantities @ and v.6 coincide
exactly, the phenomenon of resonance occurs.

b) equations describing the vertical vibrations of the cab located at the rear of the
tractor, taking into account the walking of the tractor on an uneven road.
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The cab is located at the rear of the tractor. To simplify the analytical calculation, we
assume that the vertical vibrations of the front and engine vibrations do not affect the
vibrations of the cab and the tractor operator. We believe that the rocking of the rear of the
tractor affects the vibrations in the cab and the operator's workplace.

Fig. 4. Vibrations of the cab and operator's workplace

In this system, the forces of inertia are masses m3, m4, i.e., mZ, are balanced by the
forces arising from the deformation of the tire (z-z;), i.e., force ¢(z-z), k(Z — z},).

Consequently,

for the cab, here the vibration of the rear wheel is mainly influenced by this only takes
into account the movements z,¢

1 , ,
2 MaZz1 + C5(Z31 — 216) + ks(Z31 — Z16) = 0 (10)
2 . , ,
SMaZsy + C6(232 = Z16) + k(232 — Z16) = 0
for seat z3 = (z31 + z33)

MyZa1 + C7(24 — 23) + k7 (24 — 23) = 0 (11

If we take z;¢from equation (6), then
for cabin

1 .
=M3Zz + C5Z31 + C5x16076h[c0s(V161t) + c0S(01610)] + ksz3y +

{ ksd{x1607sh[cos(vi61t) + cos(6141t)]}/dt = 0

[\S}

N

§m3i32 + o237 + CoX16076h[c0S(V1618) + cOS(O161)] + kgZ3y +

ked{x1607sh[cos(vi61t) + cos(616:1)]}/dt = 0

1, .
5MaZz + CsZ31 + csX16076h[cos(Vi1t) + cos(O161t)] + kszzq —

ksx16076h[Vi615in(vieit) + 01615 (8161t)] = 0 (12)

2. ,
t§m3z32 + CoZ3z + CoX16076h[cOs(Vi61t) + cOS(01618)] + kgZz —

kex16076h[V1615in(Vi61t) + O1615in(0161t)] = 0
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Dividing all terms of this equation by 1/2mj3, we get

(731 + Véz31 + vEx16076h[cos(vi61t) + cos(O161t)] + 05231 —
02x16076h[V1615in(Vi61t) + B1615in(01611)] = 0

Z3p + V235 + VEx1607sh[cos(vi61t) + co5(01618)] + 0523, —
05x1607sh[Vi615in(Vi61t) + O1615in(016:8)] = 0

(13)

where v§ = ¢5/(1/2my3), v¢ = cg/(1/2m3) , 65 = ks/(1/2m3), 6¢ = ke/(1/2m3)
are circular frequencies of free vibrations of the cabin.

The general solution of these equations with the right-hand side (inhomogeneous) can
be represented as the sum of the solution of the homogeneous equations z3;;, 73, and the
particular solution of the inhomogeneous equations zsi,, Z3p, T.€. Z31 = Z311 + Z312, Z32 =
Zy1 t Z30:.

Let us first find a particular solution to the equation. Imagine that

7312 = Az1z[cos(w31,t) + cos(0312t)]
, (14)
Z332 = Aszzz[c0s(w322t) + co5(0332t)]
and substitute it into equation (13). As a result, we get
1 2 2 _ .2 3(‘)162h' .
—EA312w312cos(a)312t) + vEAz ,008(w3q,t) = VE 1z t sineyt
2
1 3wqe2h
- EAzzzwgzzCOS(wszzt) + V¢ A32,c05(w32,t) = V& %f singyt
2

( —As12[0312005(w315t) + 0315005(03128)] + VEAz1a[cos(w31,t) + cos(63128)] +
véx1607sh[cos(vig1t) + co5(0161t)] — 05 Az1z[ws125in(w315t) + O3155in(0315t)] —
05x16076h[v1615in(Vi61t) + O1615in(0161t)] = 0
—A352[W525¢08(W325t) + 0355€08(03228)] + VEAzz[c0s(W352t) + c0S(632,0)] +
Véx16076h[cos(Vi61t) + c05(01618)] — 08 Aszz[w3225in(W325t) + O3255M(032,)] —
02x1607sh[Vi615in(V161t) + 01615in(0161)] = 0

{A312 = {—véx1607sh[cos(vi61t) + cos(0161)] + O3 x16076~[V1615in(Vi61t) +

| 01615in(0161t)1}/{[0312€08 (W315t) + 051,€05(031,t)] — VE[cos(wsq,t) +

{ c05(0312t)] + 02 [w3125in(W312t) + O31,5in(631,1)]

| Azzz = {—Vvéx16076h[cos(Vi61t) + cos(B161t)] + 08 x1607sh[Vi615in(vy6t) +

l 01615in(0161t)1}/{[0322€08 (W325t) + 055,€05(032,t)] — VE[cos(w3z,t) +
+c05(0322t)] + 08 [W3225in(W3221) + O355n(635,8)]

( 7312 = {—vEx160T6hlcos(V161t) + 05 (01616)] + 0516076 [V161 5N (V161 ) +
01615 (0161 )1}/{[w312005(W312t) + 031,¢05(B31,t)] — vE[cos(w3q2t) +
c05(0312t)] + 02 [w3125in(W312t) + O3125(031,8)] - [cos(w312t) + co5(63128)]
Z32; = {—VEx16076h[cos(Vig1t) + cos(01618)] + 02x16076~[V1615in(Vi61t) +
01615 (0161 6)1}/{[w322005(W322t) + 032,¢05(B32,t)] — vE[cos(w3yot) +
+c05(0322t)] + 08 [W32251M(W325t) + O3255M(0328)] - [cOS(W352t) + c05(B32,8)]

As is known, the solution to a homogeneous equation can be represented in the form

{2311 = 1/2A311t [sinvst + sinBst]
Z321 = 1/2A551t [sinvet + sinfgt]’

Then the general solution of equation (13) is represented as
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231 = {—VEx1607sh[cos(Vi61t) + €05 (0161t)] + 0216076 [V1615in(Vy61t) +
01615in(0161t)1}/{[0312€05 (W312t) + 031,€05(031,t)] — vE[cos(w31,t) +
c05(03128)] + 0% (031251 (W312t) + O31,5in(031,8)]} - [cos(w312t) + cos(03128)] +
1/2A31,t [sinvst + sinfst]

235 = {—VEx1607sh[cos(Vi61t) + €05 (0161t)] + 0Zx16076h[V1615in(Vi61t) +
01615in(0161t)1}/{[0322€05 (W322t) + 035,€05(032,t)] — VE[cos(w3z5t) +
+c05(0352t)] + 0 [w32,5iM(W322t) + O32,5M(03251)]} - [cOs(W3228) + cOS(B32,)] +
1/2A3,1t [sinvgt + sinbgt]

(15)

The time origin (t=n/2) in this system can be taken for such a moment when z=0. In this
case, substituting in (t=r/2 and z=0, we obtain

{05x1607sh[v1615in (V161 2)+91615Ln (9161 2)]}/{95 [w3z128in (w312 2) + 0312500 (9312 )] 1/
2A311 3 [sin (vs E) + sin (95 E)]:O

{02x1607sh[vi615in (V161 )‘*‘91615”1 (9161 )]}/{96 [w3z25in (w322 ) + O35,5in (9322 )]} +
1/2A321 5 [smv6 >t sinfg E]:O

Consequently,

) 5 ) T T T
Az11 = —{05x16016h[V1615in (V1e1 2) + 01615in (9161 )]}/{95 [w3128in (w312 2)
. T
+ 031,8in (9312 E)] }e

m [sin (vs 2) + sin (05 2)]

Az = _{96x16916h[v1615m (V161 2) +081615in (9161 )]}

/{Bé [w3225in (w322 g) + 035,5in (9322 g)]} T [sinvég + sinfg g]

Substituting A in (15), we obtain
231 = {—VEx;607h[cos(Vig1t) + c0S(01611)] + O2x16076h[V1615in(V161L) +
01615in(01618)1}/{[w312c05(W312t) + 031,05(031,8)] — vE[cos(ws,t) +
cos(8;31t)] + 952[w3125in(w312t) + 031,25in(6312)1} - [cos(w31,t) + cos(B312t)] —
1/2t [sinvst + sinfst] - {82x,60%h[v1615in (v161 ) + 0,415in (9161 )]}/

{02[w31,5in (w312 ) + 031,5in (0312 ) 1}'m [sm (VS ) + sin (95 )]
Z35 = {—V¢x1607h[cos(Vig1t) + €05 (161t)] + OZx16076h[V1615in(V161L) +
01615in(0161t)1}/{[w322c05(W322t) + 83,,€05(032,t)] — VE[cos(w322t) +
+c05(0322)] + 0& (w3225 (W325t) + O3555i(032,t)]} + [cos(w325t) + cO5(O32,t)] —
1/2t [sinvgt + sinBgt] - {62x,602h[v,6,Sin (v161 ) +0,4,5in (9161 )]}/

{96[w32251n(w322 >+93225m(9322 )]} s [smv6 + sinfg ]
(16)

With the approximation of @ to v, 6, the period T, T, increases. When the quantities @
and v, @ exactly coincide, the phenomenon of resonance sets in.

10
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c¢) equations describing the vertical vibrations of the tractor operator's seat, taking into
account the walking of the tractor on an uneven road.

Sitting
®3 mk
Ji
ZL
C?

fz3

Fig. 4. Vertical oscillation of the operator's seat

for the seat (11)
MyZa1 + C7(24 — 23) + k7 (24 — 23) = 0

If from (16) we take z; = z3,, then
Dividing all the terms of this equation by my, we get

Zy +vi(zy —23) + 07 (2, — 23) = 0, (18)

Ky . . —
Where vZ = ;—7 ,02 = m—7 is the circular frequency of free vibrations of the system.
4 4

The general solution of this equation with the right-hand side (inhomogeneous) can be
represented as the sum of the solution to the homogeneous equation z,; and the particular
solution to the inhomogeneous equation z,,, i.€., 24 =24 + 24

Let us first find a particular solution to the equation. Imagine that

Zaz = Agz[cos(wyat) + c0s(042t)] (20)
and substitute it into equation (18). As a result, we get

—Agz[wErc05(Wyyt) + 07,c05(042t)] + V3 Agz[cos(wyat) + cos(B42t)] — Viz3,
+ k7 Ay [wsr5In(W43t) + 0425In(045)] — k7235, = 0

Where
Ay = [ky235 +v323,] [{[w5,c08(Wyat) + 05,c05(6,45t)]
+ vZ[cos(wat) + c05(043)]+k, [wazsin(wyyt) + 0,4,5in(0,,6)]}
Zyy = (k7235 + Viz3,] /{[wirc05(wyyt) + 07,c05(0,,1)]
+ vZ[cos(wat) + c05(043t)]+k, [wazsin(wyyt) + 0,4,5in(0,,6)]}
- cos(wy,t)

As is known, the solution to a homogeneous equation can be represented in the form

Zp = A41t [San7t + Sln97t]

11
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Then the general solution of equation (18) is represented as

Zy =
[ke7 232 + V3 235] /{[wF2c05(Wart) + 05,c05(6428)] +
V2[cos(wypt) + c05(B4zt)]+ks[warSin(wyyt) + O455in(0,56)]} * cos(wypt) + Ayqt [sinv,t +
sin@,t] (21)

The time origin (t=n/2) in this system can be taken for such a moment when z=0. In this
case, substituting t=n/2 and z=0 into (21), we obtain

[k7Z32]/{[wFc05(W42t) + 02,c05(0420)] + V7 [cos(wyzt) + c0S(B420)+k7[waz + 64,1}
- cos(wypt)+Ayqt [sinv,t + sinb;t]

Consequently,

Ay = —[kyz3;] /{[wZ,c05(wyat) + 02,c05(042)] + vZ[cos(wyat) + cos(B428)1+k[wyy + 6421}
- cos(wyyt) -
t [sinv,t + sind,t]

Substituting Ay4; in (21), we obtain

2y = [ky23, 4+ VE23,] /{[w5,c05(wypt) + 0F,c05(045t)]
+ vZ[cos(waat) + cos(O45t) 1 +k; [Wazsin(want) + 04,5in(B42)]}
- cos(wyyt)+
= —[ky23,] /{[wF,c05(wart) + 05,05 (6421)]
+ v2[cos(wapt) + cos(045t)+k;[way + 0421} - cOS(W4pt)
-t [sinv,t + sinf,t] - t [sinv,t + sind,t]

Finally, we define the movements of the tractor seat

235 = {—V§X1607sh[cos(Vi61t) + cos(B161t)] + 05 x1607sh[V1g15in(Vyg1t) +
01615in(0161t)1}/{[@322€08 (W325t) + 055,€05(032,t)] — VE[cos(w3z,t) +
+c05(0352t)] + 08 [W32,5N(W322t) + B32,5(03551)]} - [cOS(W322t) + cO5(B325)] —
1/2t [sinvgt + sinBgt] - {82x160%h[vi615in (v161 g) +0,6,5in (9161 g)]}/

{62[w3,,5in (w322 g) + B3,,5in (9322 %)]} T [sinv6 % + sinfy g]
2y = [k235 +v323,] /{[wF,c08(wa2t) + 65,c05(0,,t)] +
V2[cos(wyyt) + c05(Bant)] ks [war5in(wapt) + O455in(04,)]} -
cos(wgpt)+ = —[ky23,] /{[wZ;c05(wyat) + 65,c05(042t)] +
+v2[cos(wyyt) + co5(842t) | +ks[wap + 0451} - cos(wyyt)

t [sinv,t + sinb,t] - t [sinv,t + sinb,t]

(22)

2.2
The value % = x, is called the coefficient of growth of oscillations. Taking this
7~ %42

notation, equation (22) will be written
z4 = 3/4x,ht(sine,t + sinvgt + sinv,t) (23)

As usual, with the approximation of w to v, 6, the period 7, increases. When the
quantities @ and v, 6 coincide exactly, the phenomenon of resonance occurs.
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4 Conclusions

For the first time, the hierarchical link of the tractor was mathematically modeled, taking
into account the unevenness of the roads based on the coefficient of stiffness and damping.
The equations describe the vertical and longitudinal-angular vibrations of the main parts of
the tractor. The hierarchical vertical linear oscillation of the tractor is mathematically
modeled, taking into account the unevenness of the roads, the coefficient of stiffness and
damping, which serve in the design of wheeled machines, is considered. The use of this
mathematical model will make it possible to determine in advance the possible fluctuations
of the new designed design of machines. It will help to optimize their design and dynamic
parameters.
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